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SUMMARY 


Experimental tests were conducted using o generated square 
pressure wave to determine the environmental effects on pressure 
eonsing systems for oscillating pressures. ‘Square wave pressure 
oscillations from approximately 25 ta 120 cycles rer second and 
about six inches of mercury in amplitude were used for various 
configurations of the tube connecting the preasure sensing instru- 
ment to the source of pressure oscilletion. 

It was necessary to resort to harmonic analysis of the 
pressure waves obtained on oscillogrems to determine the three basic 
results of attenuation, phase lag, and the degree and kind of 
distortion caused by the connecting tube syatem. Ineufficient 
time was avelleble to anelyze ea aufficient aumber of csecillograms 
which would compile enough information to enable the designer to 
select the proper confimration which would give a entisfactory 
response over s desired frequency range or to eliminate undesired 
resonances when only a wean pressure level is desired. 

It was concluded thet any arbitrarily produced pressure 
wave can be used to determine attenuation, phase lng, and distortion 
through ase of harmonic analysis and comarison with the wave 
obtained with the pressure sensing instrument connected directly 
to the pressure wave source. The attenuation and phase lag for 


the firet six harmonice at a frequency of UPS for four finite 
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tube leneths were determined experimentally and those for the 
fundanental were shown to be in fair agreement with that obtained 
theoretically as obteined frem the gravnhs vrepared by A. S. Iberall 
in reference (4). 

This investigation was conducted in the Mechanical 
Engineering Instrument Laboratory of the University of Hinnesota 


vy R. R. Thoe under the guidance of the Kechanical Mnzinsering 


Department Steff during the Spring of 1952, 





AH EAPERIHSNTAL ANALYSIS OF ENVIRCKEMENTAL EFYFRCTS OF 


PRESSURES SENSING SYSTRES FOR CSCILLATIRG PRESSURES 


INTRODUCTION 


The measurement of fluctustine fluid pressures presents 
a problema in muiny present-day applications. Humerous devicee have 
been utilized but the demand for more accurate methods for relstively 
larger emplitudes and higher frequencies of presaure oscillations 
have created many new aprlications of principles for pressure 
sensing aystems for specific croblens. 

In measuring repidly changing pressures, one of the more 
important considerations ie the dynamic characteristics of the elastic 
system of the pressure sensing device, in particular the natural 
frequency and the amount of damping rresent. The dieplecement of 
the pressure sensing system should Oe in provortion to and in phase 
with the applied pressure with no relative distortion in amplitude 
or phase of the harmonic component of the oscillatins pressure 
source wo to the highest component it is desired to measure. 

There are many other important consideretions which include: 

(1) ‘Smell, portable, and inexpensive eas possible. 

(2) Sense gauges or differential pressures. 

(3) Have constant calibration over period of time. 
+) 





(4) Simplicity in operation. 

(5) igh sensitivity. 

(6) Ample range in amplitude and frequency. 

(7) Adds negligible volume of gms to system being 

measured. 
(8) Gontains negligible hyeterisis. 
(9) Unaffected by thermal, electrical, menetic, and 
mechanical interference. 

(10) Ability to utilize long cables if necessary. 

(11) Direct and permanent method of presenting recorded 
pressures. 

Ho known device meeting all the above requirements exists 
at present, but rather there are anny devices which are more or lesa 
eatisfactory for the field for which degirned. Some of the nressure 
sensing systems which have found considerable use are briefly dis- 
cussed in Ref. (1) and (2). 

Often 1t is impoesible to install the pressure sensing 
element directly at the point of measurement. It then becomes 
necessary to connect the nresaure sensing element to the source by 
a connecting tube. This connecting tube introduces the possibility 
of errors due to regonance or attenuntion in the tube. This results 
from the fact that the air column in the tube hes a definite masse 
inertin, elasticity, and can dissipate energy with ite own motion 


such that wave motion can be propagated along its tube length. 





Seversl theoretical and experimental investientiocns have 
deen undertaken in an effort to determine the effect of connecting 
tube on the pressure response indierted by the sensine instrument. 

Iersel Taback, Ref. (2), compared the pressure response 
ebtained theoretically with that obtsined experimentally for 2 steady 
etate sinusoids) oscilleting rressure with various envircamente) 
ehenges including the following all at varying fresuencies fro: 
zero to 70 cycles per second for several tube lenzthe: 

(1) Simple tube system of negligible instrument volume. 

(2) Tube with inlet restriction. 

(3) Appreciebdle instrument volume. 

Theoretical results were obtained using the selectricsl 
alternating current R-L-0 circult anslogy. Unfortunstely thie 
method requires a considerable emount of tedious computation for 
even the simplest systems and insufficient information exiats to 
warrant the validity of these solutions for large amplitude 
oscillations. 

Experimental resuits compared favorably with that computed 
for various tube lensths, diameters, and appreciable instrument 
volume at frequencies from zero to 70 cycles per second. “xperimental 
results showed thet an inlet restriction had s damping effect at 
resonance but negligible effect at antiresonance. The effect of 


an appreciable instrament volume was to lower the resonant frequency 





of the system and cecreased the amplitude of the recorded pressures 
through moet of the frequency range investigated. 

In this report it was concluded 

that for accurate dynamic pressure measurement the 

firat resonant frequency cf the pressure measuring 

system should be kept well above the hishest pressure 

frequency to be measured. 
Since the resonant frequency is inversely proportional to the 
length of the connecting tube, the elimplest way to saccomlish thie 
is to plnce the pressure sensines instrument as close as possible to 
the source. 

A theoretical investigation of the attenuation and lag 
of an oscillatory pressure variation for a finite connecting tube 
length to the pressure sensing instrument was made by A. S. Iberall, 
Ref. (4). A sinueoidal pressure oscillation was assumed at the 
source which was connected to the preseure sensing device by a 
connecting tube. The prodlem was attacked by first assuming an 
incompressible viscous fluid such that Polseuilles law of viscous 
resistance was walid throughout the system. These results were 
then corrected for compressibility, finite-pressure amplitudes, 
appreciable acceleration, and effects for finite length of tude, 
and heat tranefer through the tabe. ‘The correction for 
compressibility introduced a time constant and attenuation factor 
dependent on the tube and instrument volumes. Finite prossure 
excess emplitudes about the mean pressure introduced harmonic 


distortion proportional to the amplitude of the pressure excess 





in the ceee of compressible fluids, but the attenuation of the 
fandamental anpvetred to be essentially independent of the amplitude 
of the oscillstion. The inertia of the fluid through its influence 
on fluid acceleration modified the time constants of the systen 
affecting both the attenuation of the fundemental and the amount 

of harmonic distortion. It was shown that if the fluid inertia is 
lerge an undamped system is present vermitting olementary acoustic 
theory to be used, but when fiuld inertia was negligible the 
trenemission tube became a highly damped system. In short tubes 

a correction mat be introduced to allow for the end effects resuit- 
ing from fluid acceleration at the ends of the tube which further 
distort the wave form. At low frequencies, an isothermal process 
was astamed, but at higher frequencies wrere heat transfer cannot 
ve assumed perfect end the process can still not be assumed to de 
adiabatic, « further correction for this polytropic process was 
introduced. 

The results were presented in a series of graphs which 
permit the desiener to detarmine certain dimensions for a pressure 
sensing system to be used with s given sinusoidal oscillating 
pressure to obtein a desired amplitude and lack of distortion, or 
to determine the attenuation and lage of a given vressure sensing 
sveten. 

This theory could be applied to other types of pressure 


oscillations such as & square wave pressure source by resorting to 





Fourier anslysis, although it would require a great amount of 
tedious and arducur mthematical commutation. 

ACA TN 1988, tef. (5), develops theoretically and 
compares experimental results of the transiont behavior of lumed- 
conetant system for sensing transient presavree. The pressure 
sensing system consisted of a tube connected to a reservoir where 
the pressure sensing instrument was located. A short straight 
tube whose volume was such aemeller than the reservoir volume was 
used so that the dead time, length of tube divided by the speed 
of sound, was negligible and the volume flow throngh the system 
descended essentially only on the compreesibility of the gas in the 
reserveir. Thue it wee aseumed that epace variables hed no effect 
end that the pressure digtnurdances oecurred instantaneously throughe 
out the system with varying magnitudes. In addition for the 
theoretical analysis, the process was assured to be adiabatic and 
to consist of only amall preasure chines. 

experimental data was obtained by interrurting an air 
stream directed at the open end of the tube. This waa secomplished 
by using a revolving slotted disk between the stream source and the 
open end of the tube. The pressure response in the reservoir was 
sensed by ea commercial device which nresented its readings on an 
oscillcscope. 

One of the primary purposes of thie investigation was to 


eatablieh a method for determining design parameters for a control 








loop system encountering transient pressures. from the reeulte 
obtained it wae shown that the differential equations utilized in 
the theoretical analysis were sufficiently valid for desien purpoees 
for similar conditions in practice. 

Por a given gas under specified conditions, the undammed 
nitural frequency and damming ratio are functions of the tube length, 
tube radius, end reservoir volume. Thus for civen desired values of 
frequency and damping retio, when one of these system dimensions is 
limited by practical rensons, the other two dimensions ere uniouely 
determined. If two of the dimensions are restricted, the third can 
de determined for either frequency or damping ratio. If tube length 
and reservoir volume have slrenady been reduced to the practical 
minimums, the undamped natural frequency can de increased only by 
increasing the tube radius. Unfortunately this may decrease the 
damping ratio too much (fer control loons). However, the damming 
ratio was increased without changing the system dimensions or 
natural frequency through the addition of an increased resietance 
in the tude such es a wire mesh or orifice. 

An experimental investigation wna conducted, Ref. (6), 
using a square-wave pressure valve to determine experimentally some 
of the effects of chanzes in important design parameters on a 
balenced-presesure diaphragm indicator for meacuring trensient 
pressure changes. The equare weve vresevre generator consisted 


essentially of « rotating slotted disk which connected the sensing 





reservoir aiternately to tvo reservoirs at tro different known 

static oreseure levels. Limitations of the equipment used prevented 
findings of much value to the immediate field of this atudy. The 
clamped diaphragms introduced e sero shift error dre to eleetic 
stress which could be eliminated by the use of free unclemed 
disphragse. Eovever, tre lower natural frequency of free diaphragms 
limited the frequency of pressure osciliations to a rather low value. 
Gonelderable erratic behavior was detected in the reapones of 
diachragms to s change in preseure in tise, sometimes legging euch 
more than other times. The cnuse of this erratic response tine 

was not determined and may have been due to the square-wave generator 
or pickeup system, although varying the diaphragm mass, motion, end 
damping had no apparent effect on the degree of erratic response 
tine. 

The present inveetigtion is an experimental analysis of 
environmental effects on pressure senains syetems for oscillating 
pressures. It wes conducted through use of 2 square weve pressure 
generator desiened and previously used by FE. 4. Smith at the 
University of Minnesota and ie described in the Test *quipment 
section of this report. This generator wes driven by a variable 
epeed motor eo that the fundssental wave frequency could be 
centrolled at will. 

three different types of pressure sensine devices were 


originally contemisted to enable a comparison and check of the 


data obtained. The three cressure pick-up eystens selected vere: 

(1) The Statham Gage. 

(2) The 2lectro-Pressurerraph. 

(2) The Mechano-Blectronic Transducer. 

These three aystenms were selected largely for their high 
nsturnl frequency, thua permitting investiestion of preesure 
oscilletions to #2 relatively hien frequency. In addition, all 
three eytteme sermit preseure readings to be easily presented oa 
the cathede ray tube oecilloscope. However, due to technical 
aifficalties and shortage of time, the mechano-electronic trans- 
ducer was not used in this investigation. 

It was the intention of the author to very those environ- 
mental configurations which occur frequently in pressure recording 
inetallations in actual practice. The prisery chanzes investi gated 
were chenzes in the length of the tube connecting the instrument to 
the wave generator at frequencies from 25 to 120 cycles per second. 
Tube lengthe tested were standard 1/4 inch outer clameter copper 
tubing and were of 12, 24, 42, and 66 inches in length. Zero tube 
length test runs were made to which the other rane were cospared. 
In addition test rans were mede of larger diameter tubes (2/8 and 
1/2 inch 6.D.), but due to the fittings on the instrument and the 
squere wave generator, these lerger diameter tudes had to be 
restricted at their ends down to the same diameter rize used for 
the 1/4 inch tubing. ‘Several teets were conducted on the efficiency 
of verious plenum chember configurations to determine effectivenees 


in damping of escilletions. 





the arbitrary character of the initin] praseure wave 
complicated the analysis of the oscillograms obtained. Since the 
renerated wave wes not «a perfect square wave, comparison of a 
wave obtained from any given configuration to thet of the vero tube 
length wave for the same frequency reguired harmonic analysis to 
obtain any reliable information. Thies was a taek requirine nore 
time than available so that this report wes nerrewed down eventually 
to the case of one frequency, 3O OFS, for tube lengths of zero, 12, 
24, #2, and 66 inches in the determinetion of attenuntion, phase 
lag, and distortion caused by finite tube lonzths. 

This investigation was conducted by BK. BR. Thoe at the 
Internal Combustion "agines Instrument Laboratory of the University 


of Hinnesota, during the Spring of 1952. 
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TEST EQUIPMENT 


The experimental tests were conducted using a square 
pressure wave generator driven by a variable speed motor. Through 
this both the frequency and amplitude of the square pressure wave 
could be varied at will. A pressure transducer interpreted the 
wave and presented it on e cathode ray tube oscilloscope, Dumont 
Type 304-H, from which oscillogreams were made through utilization 
of a Dumont oscillogram camera. Yigs. 1, 2, and 3 show the general 
set-up of the test equipment. 

Three different pressure sensing devices were contemplated 
for this investigation: the Statham gage, the Nlectro-Pressuregraph, 
and the mechano-electronic transducer. Tests were made using the 
first two instruments, but the mechano-electronic transducer was 
not used due both to lack of time and difficulties in obtaining the 
tube and fabricating a satisfactory linkage system in the pressure 
pickup for the tests contemplated. 

The Statham gage, model P6-4D, pictured in Figs. 1 and 2, 
utilizes an electrical strain gage mounted on a pressure diaphragn. 
This atrain gage is one element of an electrical bridge circuit 
whose output is fed directly into the oscilloscope where full 
D. C. amplification was used throughout all test runs using the 


Statham gage. 





fhe Electro-Pressuregroph, manufactured by the Mlectro- 
Preductea Laboratories of Chicago, Illinois, is of the eapaciter 
type in which the pressure diaphragm forms the variable canecitance 
element and is pictured in Fig. & Tor the preesure range investi- 
sated « ciephreaemm thickness of 0.010 inches wre used. 

All teets were conducted using the square pressure wave 
senerator eketched in Fig. 4. Thie consicsted of 2 rotating valve 
element mounted in a heusing with norte drilled every 90 degress 
rlong tre circusference of the housing. the roteatines element had 
ore hele drilled diemetrically and one axially connecting the 
dinmetrienily drilled hele with the end hole, 5, in the housing. 
Ag the rotating element revolves, the dliometrical hole connecte 
the port at 5 first to the tank preseure, Pye applied at 1 and 3, 
ceneinge the preseure st & to increase to preeeure, ps until the 
dieametrical hole is uncovered tyr norta 2 and 4 exhausting the 
entrapped pressure to atmospherio pressure, py. Thus it enn be 
eeen that a square pressure wave is generated vith a frequency 
twice that of the frequency of rotation of the rotatine elem nt. 

A&A stiff hose counlinz was ued firet between the shaft 
of the motor and the rotatinge element of the wave generator to 
¢liminate vibration from the moter during the Statham gage test 
runs. It wae believed thet s considerable amount of variable leg 
between the generator and tre motor sheft on which the timing 


elreuit wae sounted resulted from euck a flexible coupling. 





sherefore, = universel joint coupling wee eubstituted which hed 
mn relatively constant ler with revolution speed and wae used 
throushout the Flectro—ressuregraph teet rans. 

thea gage pressure, Pee was snoplied by a cylinder of 
COn gas expanded throuch two valves to facilitate close control 
of the gage pressure. Fig. 5 ie a schemtic sketch of the gage 
preseure system. Sy opening valve A, pressure was admitted to 
gage (1), end by carefully opening valve 8 any desired gare 
pressure ag read on the U-tube manometer, =, could be placed 
throughout the manifold eysten. Valwe C permite exhaust to the 
atmosphere and was used during atatic calidration of the 
instruments. Valve © opened the pressure to the wave generator 
and was open during the dynamic teste. Fitting Se was the location 
of the instrument durine calibration runs, the instrument being 
replaced ty a clue during dynamic test runs. 

The Statham geese, delne ae resistance bridge circuit 
instrument, lends itself te a convenient method of calibration. 
Pig. 6 is ea schematic sketch of the electrical circuits used. 
the resis tance Re across an inout and ontput terminal of the 
bridge serves ss a means of indiesting an arbitrary calibration 
pressure line on each oscillogram. ‘hen the switch, 5, is closed 
the oscilloscope trace jumps vertically to = value of 2 corresnpond- 
ing pressure. 4A resistence of A, = 270,000 ohms was found to give 


a presequre indication of 6 inches of mercury mee. ‘This pressure 
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line was placed on each test run picture alone with the zero 
pressure line to give a seale factor to each pictare of the 
Statham test runs. 

To determine phane Inez, an electric brash timer was 
designed and installed on the motor ehaft. Fie. 6 illustrates 
the principle cf the brush timer. Since there are two cycles 
of the wave for each revolution of the shaft «a signel every 
180 desrees of rotation of the ehaft wae desirable. A drags 
collar, with a 180 degree siice down one side fliled with plastic 
was mounted on the shaft. The two brushes comlete the timer 
circuit when deth brucshee are in contact with the brass and open 
the cireuit when the one brush contects the plastic. The 
remainder of the timer slectrical circuit consisted of a battery 
end 2 variable resistance load and a step-up transformer. The 
secondary of the transformer fed into the 7 axis of the 
oscilloscope and the common sround. 

hg the circuit is closed by the brushes a flow of 
current goes throush the primery of the transformer and during 
the transient current flew, 7 voltage is generated in the 
eecondary transmitting a pulse to the “ axes of the oscilloscope 
ineresasing the intensity of the trace on the oscilloscope screen 
somentarily. hen the brush contacts the pleetic se the shaft 
revolves, the circuit is opened and there is a eudéen stocpage 


of current in the primary. ‘This transient again causes a 


_ | 





voltage to be cenerated in the secondary but in the opposite 
direction #0 that the trace on the oscilioscone screen is 
decreased in intensity. Thus « tine signal wee imposed on the 
eecillsacone scraen to indicate when the wave cycle actually 
etarvted at the generater. 

The shielding and grounding of ali electrical inocut 
cables to the oscliloscope waa found to be ossential to prevent 


the pickeup of extraneous sienals on the oscilloscope screen. 
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REST PAUCHLUAS 


A minimum wargeup period of one hour for tha oscilloscose, 
strobotac, and constsat valtaees transformer, and of twenty minutes 
for the Steatham gage and Slectro-Pressuregranh wis observed before 
all test runs to sscertein temerature equilibrius throughout the 
system. ‘This was found necessary due to the inherent tendency for 
vertical drift in the Dument 304-H oacllloscope. Fowever, ueing 
these precautions of eufficient warreup tine and the use of a 
constant voltage trensformer between the line voltage and the 
oacilloscoroe, the vertical drift ef the oscilloscone trace was 
negligible and esused little trouble. Hevertheless, it wae found 
impossible to uee this tyne oscilloscope without the constant 
line voltege since vertical drifts ss large se half ean inch were 
soeetimes noticed in the matter of only two or three geconds when 
used with a regular voltage esunply source. 

two calibration runs were made for each serics of test 
rung ae teken on each roll of film One calibration wes taken 
et the start of the runs and another at the end of the film to 
make gure thet no change in calibration of the ingtrugent occurred 
Quring the teat rane. 

To ealibrate the Statham gaze, valve C and DP of Fig. 5 
were both closed and the instrument atteched at 5. A pressure 
wae imposed on the gage by opening valve 5 until s given pressure 


was admitted and then it wes tightly closed holding thie pressure 
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PEST PROCEIVAS 


& minimum warseup period of one kour for tha oecilloscose, 
strobotac, and constsat voltage transformer, and of twenty minutes 
for the Statham gage ané Plectro-Pressuregraph was observed before 
all test runs to escertain temerature equilibrium throughout the 
syetem ‘This was found neceseary due to the inherent tendency for 
vertical drift in the Dumont 304-H oecillescope. Ffowever, using 
these precentions of sufficient warreup time and the ase of a 
constant voltage transformer between the line voltage and the 
oscilloscore, the vertical drift of the oscilloscore trace was 
negligible and caused little trouble. evertheless, it was found 
impossible to use this tyne oscilloscope without the eonstent 
line yoltege since verticel drifte as large as nelf an inch were 
sometimes noticed in the matter of only two or three esconds when 
used vith a regular voltege eunply source. 

fwo calibration runs were made for each series of test 
runs ae taken on each roll of film. One calibration was taken 
at the stert of the runs and another at the end of the film to 
meke gure that no chance in onlibration of the instrument occurred 
during the test rans. 

To calibrate the Statham gaze, valve C and D of Fig. 5 
were beth closed and the instrument atteched at S,- A pressure 
wag imposed on the gage by opening valve 5 until « given pressure 


was edmitted and then it wee tightly closed holding thie pressure 
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in the system. A victure was then taken of the deflection on the 
ascilloseope end the pressure recorded. Yalve © was then opened 
to exzhrust the pressure ts the atsosphere «nd the trace on the 
oscilloscope was checked to ascertain that it had returned to 

its zero reference line. ‘This wos facilitated by placing a 

simll mrk on the oscilloscope screen which was easily discernibie 
through the peephole of the recording camera hood when the trace 
wes tangent to thie mark. Other pressures were aoplied in a 
ginilar eanner from zero pere pressure to a fare oressure of 

four pounds per square inch, the maximum ellowble for this cee. 
AL] calibration lines were exposed on the same film frame through 
moltiple expcsures. It was found impractical to calibrate the 
instrument when connected te the wave generator as there was 
considerable leakece of pressure through the wave generator. 
This, ef course, made it ismoasible to maintain ex constant static 
oressure when the zenerator was not in speration. 

The Electro-Presaurergraph was calibrated in the sane 
manner with the exception that no device similar to the 
calibrated resistance, Re used for the Statham gnge, was 
utilized due to the increased complexity of a capacitor circuit. 

After the initial calibretion was completed the gare 
was removed from the calibration position, 5,, of Fig. 5, which 
was then plurged, and the gase was attached to the output of 


the square wave generator. Cscillosrema were made of fundamentel 
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wave frequencies from approximetely 25 to 100 evcles ner second 
in steps of approximately five cycles per eecond. 

The configurations tested consisted primarily of varying 
the length of the tube connecting the preesure pick-up to the 
generator. These were mode using standard 1/4 inch outer diameter 
6.030 inch thick copper tubing of 12, 24, 42, and 60 inehee in 
lensth. The sero length rans, to which the othere were comarsd, 
were mode using oe standard 1/2 inch pipe niprle which placed the 
instrument pressure diaphragm about three inches fro4 the 
fenerator. 

fests were also made using 3/8 and 1/2 inch outer diameter 
copner tubinc. Eowever, since the wave generator and the preasure 
pick-up hed 1/8 inch pipe fittings the ead of these tubes were 
restricted in diameter to use these fittings. Shia was accomlished 
by cutting the standard half anion ef e« flare coupling for tie 
larger tube in helf end Joining it to the 1/8 inch pipe end of a 
1/4 inch tube half union. 

in nddition, some investiention of the effect of different 
configurations of surge tanks or plenum chesibers in the connecting 
tube was ende. The eurge tanks used were atandard fram of1 filters 
of approximately (C.059 cubic feet volume. 4 single filter in an 
equivalent 42 inch leng tube and a 97 tyes filter utilizing two 
Fram ofl filters in seriea vith an equivalent tube length of 


12 inches were used. 
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fo deteraiine if the pressure system manifold wae contri- 
buting undesired oscillations in the rroduced weve, « surge tank 
wae placed between the gage pressure wanifold and the generator 
for s eerioas of sero tube length test rune for beth the Stathan 
end Eleetro-Pressuregreph rares. 

Before ench oscilleogram was sande, the sero pressure 
line wae checked on the oscilloscope to Agecerteain thet no vertical 
adrift of the oscilloscope trace had occurred. An exposure of the 
zero pressure line was then taken. In the caee of the Stathan 
gage teats, a film exposure cf the eslibretion oreseure line wos 
then taken by cloeging the ewltch for the ealibration resiatance, 
Rae of Fie. %& The ewitch wae then opened and the trace was 
examined to ascertain that it head returned to the zerce reference 
pressure. The moter wae then eterted end the ereed adjusted to 
that giving the approximte desired Pundemental frequency of the 
wave. This was done by use of the etrobotac. Gaze pressure vas 
then apolied by opening the valve, 3B, of Fig. 5, until the 
desired pressure was read on the sumometer. The weve as shown 
on the oxcilloscore screen was then sbserwed 2nd ¢eynebronized 
end the picture was exposed. lmmediately on teking the picture 
the preseure ae shown on the menometer and the revolution speed 
of the genereter as shown by the atredetac were Pend and recorded. 


the pressure wae then turned off and the motor etopped. 





the gage pressure could be maintained very steady during 
runaning, but the motor speed tended to vary plus or minus 20 BPM 
(0.66 eps of the fundamental wave frequency) at the higher speeds. 
However, the revolution speed was believed tc ba quite accurately 


determined at the tine the picture wae sede. 
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RSSULTS AND DISCUSSION 


For each oscillogram taken of a givon wave, the following 
items vere recorded: (1) BPN of the generator shaft by use of a 
calibrated strobotac, (2) the gage pressure applied to the wave 
generator es read on the U-tube manometer, and (3) the exnosures 
taken, for eryample the zero pressure line, the calibration 
pressure line, and the wave iteelf. From item (1), the APM, the 
fundamental frequency of the wave in cycles per second was 
determined by dividing the EPA by 2G. After development of the 
file, the frame number of the picture on the film wae reccrded 
on the data sheet for each picture to facilitate finding any 
desired oacillogrem of a given configuration for a given frequency. 

One method of analyzing the oselllesgrese would have been 
to make an enlargetent of eech negative and use these te take all 
menenrements. Rowever, the time involwed for enlarging the nearly 
six hundred chotogrepha taken var prohibitive, so thet enother 
method of sbteining date waa decided upon. 

The availability of a microfilm raader which permitted 
the use of 35 om. film offered a convenient method of studying the 
filme. Sy pineing e uniformly ruled section of vellum graph paner 
in the elide, the microfilm reader was checked for linear magniti- 
cation threaghout the range of amenifieation ef the instroment 
(from 11:1 te 23:1) and wee found to de linear on all sectiere 


of the ground gisas screen. 
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In the attemmt to determine attemustion due to chence in 
tube length, many difficulties arose in interpreting the sacillo- 
grams. As soon as any tube length was added, the wave shave became 
distorted to sanuch e degree that the actual amplitude of the funda- 
mental wave wae not directly mensurable. This exceesive distortion 
was primrily the result of the fact that a square wave is so rich 
in harmonics, that for any finite tube lenesth and frequency there 
will be some harmonic distortion. Although the wave sceneratead was 
not a cerfect aquare weave, at the lower frequencies a very close 
approximation to a tquare wave wes renlized as born out by the 
oscillogreans, (Fig. 7). 

It can also de seen that even for the zero tube leneth 
configuration the wave distorted considerably et tke higher 
frequencies. Thies was considered primarily a function of the 
generator elthongh it was also dus to limitations of the pressure 
sensing instrument. It can be seen that at the higher frequencies, 
the diametrically drilled hole in the rotating element of the 
generator is opened to the tenk pressure (or atmosphere) for «# 
mich shorter period of time. As the port opens to exhaust to 
the atmosphere, for ezample, the entrapped me at the tenk gage 
pressure expands rapidly and the inertia of the expanding gaa 
carries the enclosed pressure below atmospheric. However, before 
the rressure equtlices with the atmosphere the port closes, and 


the pressure remzing below atmospheric. Actualiy there is some 





leakage around the rotating element so that the negative gage 
preseure rises siowly toward the zere age pressure line and is 
not perfectly flat. Similar reasoning can be applied for the sart 
of the cycle when ga¢ at tank preasure rushes into the rotating 
port. However, by comparing the oscilllograz of a wave fora 
finite tube length to that for zero tube length both at the same 
frequency, the characteristics due te the generator iteelf aro 
eliminated. 

Aa attest wis ande to measure attenuntion by integrating 
the «ren enclosed by the weve trace about the sero pressure line. 
Thia wes accomplished by tracing the oselillogram wave on tracing 
paper for each tube length at frequencies of every ten cycles ver 
second from 30 to 100 cycles per gecond. Alfthecugh a long and 
tedious task, the waves wore accurately traced et fall menifi- 
cation of 23 times through use of the microfilm reader. Full 
menifiecntion wns used ta ascertain that e211 osciliogzranes vere 
menified the seme amount. 49 the oscilloscops trece line at this 
magnification uae often quite a heavy line, 1/32 to 1/8 inch wide, 
the trecing wae ade ty following the centerline of the projected 
trace. The areas were then integrated by uae of a plenineter. 
Sach integrated area was arrived at by averaging two readings 
when they varied lease than one-half of one per cent. If planinmeter 
rasdines varied mre than thie, more readings were teken and 


averaged in. 
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Since the wave length as shown on the oscillogram was 
purely arbitrary, depending on the sween speed and x-axis 
aeplifiention as set on the oscilioecope, the area was divided by 
the waye leneth, a « This eave the wean ordinnte of the wave, 
end, when mitiplied by the static pressure calibration scale 
faator, fe represented mean preseure, 

Again attention is cxlled to the fact that all 
oscillograme, including the static pressure calibrations, naturally, 
were traced at full magnification of the microfilm reader. Also, 
in the caee of the Statham gage, all calibration rune for the 
Statham g#sge conveniently esve the eame constant linear calibration 
of one inch deflection for one inch of mercury ezge pressure, see 
Fig. 3 fer a samle of the eslibration curves. (Yor the Stathee 
gage, fall 2.0. amlification of the y axis on the oscilloscope was 
used threughout all teet rane, a0 that quantitetive comparison 
between teat runs would be facilitated.) 

However, it was impractical to apply the identical gare 
pressure to the square wave generator for all test runs, although 
they wore within the eame general value with the exception of a 
few intentional chengee in preseure amplitude to determime any 
effect of pressure amplitude. Therefore, in comparing the amplitude 
of a nreesure wave resulting from a test run with s finite tube 
length te thet for the sere tube lensth toth at the same frequency, 


mn correction wae required to reduce both to the same impreseec 
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pressure. ‘See sample calculations for = hypothetical case asing 
this method of anslysis. 

However, for the Slectro-Preesuregraph, ae previously 
mentioned, the oalibration of the instrument wie not constant 
throughout the test rana, see Fig. 9. To further cosplicate the 
problem, its calibration was not even linear. Hsoxever, for the 
regicn used during the dynamic tests, the first eslibration was 
essentially linear end used es such. Yor the second calidration 
of the Zlectro-Pressuregreph which wes for the test runs of the 
60 inch tube length, a etraignt line was dreen for the region used 
in the dynamic testes utilising the theory of tae least squares. 
However, the non-linear reeponse of the “leetro-?ressuresrach mkes 
thie type cf anclysis useless unless tire tests are within a 
prectically linear portion of the calibration curves. 

This methoc of analysis utilising the aren enclosed by 
the wave about the sero gage pressure line proved too inaccurate 
to produce reliable reeults and vas finally disearded. 

The only other alternative mothod of analysis to obtain 
attenuation resuite which could be checked vith some available 
theory appeared to be harscnic analysis. Unfortunately, 
insufficient time remained to analyze more than a foaw of the 
waves. It was decided to analyze the zero, 12, 24, 42, and 60 
inch tube lenetha at 30 cycles per second as obtained with the 


Stathas gage. The Statham mge ostillorramt were preferred over 





the hlectro-Preaseuregraph tests due to the exeellent lincer 
reeponse and conetant calibration value of this instrument which 
permitted better comarison betveen test rune. Tach oscillogrem 
wre analyzed in the following aenner. Cne wave length was divided 
into 36 equal eemmenta, anc the ordinate at each division was 
menaured. Tha choice of 36 divisione was wade because each eeze 
ment then conveniently represented 10 dersrees and the fact thet 
the anelysiea becomes more accurate as the number of ordinates 
used fe increased. From this, the firet eix harmonics were 
determined for each oecillogram (Only six hermonies were deter- 
mined mainly due to the leck of time.) Thie was accomplished from 
the basic formule for a Fourier cosine-sine series of: 

pe*,/2 ¢ aycoet # epcos 2t 4.1.0. ¢ apnoos nt f# ... 

# vd sint f¢ boein 2 f 1.0. f dysin at fF wee 


where the coefficients a, and b, sre: 
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The item be ie the ordinate at the gth division of the abscissa, 
p is the number of divisions per half cycle, and n is the particular 


harmonic. The term a,/2 ie the (= A) /20. or the nean ordinate 


over the cycle. 
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Table I is a listing of the coefficients for theses terns 
for each of the tube lengths ennlyzed at a frequency of 30 cycles 
per second. 

For the sake of simplicity and to enable better comerison 
between the different tube leneths, these in turn were resolved 
into the resultant or complete harmonic equations by use cf the 


forms: 


3 


P = S(a,” f£ v,°)* eos (nt = &) 


where @ = tan”! (b,/s,) 
4, 
and (a,7 + b 7)? is the emlitude. 


The values for these coefficients end phrse angles, e, sre listed 
in Table II. 
Fig. 16 is a plot of the fundamental harmonic for the 
gero and 60 inch tube leneth pressure waves at a frequency of 
20 cycles per second. From thie it can be seen how phase les and 
amplitude attenuation can be determined throuch harzonic analysis. 
Table III de a listing of ratios of the pressure amplitude 
for the indicated tube leneth to the rreseure amplitude for zero 
tube leneth vhere both are cerrected to the same oressure amplitude 
at the source and with the same fundamental wave frequency of 
20 cycles per second. Unfortunately, upon completion of the 
analysis it was discovered timt the zero tube leneth oeclilog ren 


was one for a reduced pressure at the source of %.74 inches of 


— =e 
, , a ae 
-_ a ————— ad 
Ss 
- — > = = as ae 
a ——_— a a> 
ce ————— —_— 
- es a= Ee oe = —aS=es. 


e —————— 


a ae 


D wim 


a ee 
a ~. 
>Eyve 
—— 









08 Oe tem LL 
oh 
L create aapanges 
' ome met 
2 ls penne we 4 
- Oh Te © 
vi sa, | ele 
‘ewe Hd te omer oes Geer i ot a 










- 





> al ae 














mercury gage, whereas the otners were in thse vicinity of 5.70 inaches 
of mercury. 41] cases were corrected to 5.70 inches of mercury 

gage pressure. iIn this senner the attenustion in pressure axmplitude 
for any desired haracnic can be determined. 

In addition to attenuation, the phase shift cf any desired 
harmonic compared te the same hermonic for the zero tube length 
ease can be obtained by merely subtracting the phase angle, ¢,). 
for the zero tube length from the phase angle, e,+ for the finite 
tube length, both for the same harmonic and besic fundamental 
fresuency. 

Farthermore, the resultant harmonic equations eive a 
mthematierl indication of distortion. “%xmminetion of Figs. lla 
and 12 shows some harmonies practically damped cut whereas others 
are magnified as tude lencth is increased. 

Unfortunctely, insufficient tise prevented mre haraonic 
analysis ot other frequencies or to higher harmonics as well as for 
some of the other confisurations tested. For the tube lenzthe 
tested, harmonic enslysis at a higher frequency, 50 or 90 cycles 
per second, undoubtedly would have eiven « much better check with 
existing theory. 

However, Tig. lla is a plot of the ratio of pressure 
ammlitude for finite tube lensth over zero tube length pressure 
amlituca at 20 cycles ser second se obtained by experiment and 


through use of the theoretical granhe prepared by A. 5. Iberall 





in reference (4). Attention te called to the fact that this is 
for the fundamental harmonic cnly. fer the tube lengths and 
frequency anniyzed, since the verietions in attenuation were cf 
euch s2xell magnitude and considerable interpolation in the use 

of the theoretical curves was necessery, the degree of erreement 
between experimental and theoretical values cennot be necessarily 
assared. However, they appear to be in fair ogreement, and withe 
out more axperinentelly determined rointe the esuther cannot 
ascertain agreement. Fig. 12 ia a plot of the pressure amlitude 
for finite tube lenethe to amplitude for zero tubs length for the 
second through eizth harmonics obtained oxperinentally. 

Pig. 11b iliustrates the commarieon of phase lag with 
tube length cogpnred vith thet obtained from the theoretical graphs 
of reference (4) for the fandasental harmonic at 70 cycles per 
second. The arparently poor agreement in phase lag might lergely 
be attributed to interpolation errors in the theoretical graphs 
and the determination of the phase sagle, e, in the resultant 
harmonic. A slight change ja the value of bj/a, chanree the angle 
e considerably. ‘The angle of Ing, @ . for the 42 inch tube lencth 
wee plotted as 15° leed in liew of 145 lag te facilitate plotting. 
Attenticn ig eslled te the fact that the preesure ratio wae also 
shown to be createst for the 42 inch tube leneth, but elnee this 
wae considerably below the resonent frequency of aprroximately 75 
cycles per veered, the point should be viewed vith considerable 


suspicion. 
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’n attempt to cetermine phase lax directly from the 
osclllograme was done by sacnifylne each cycle to an arbitrary 
linest scale of 36 major divisions representing 260 degrees. Then 
by placing gers of thie senle on tee timer dot on the oscillogran 
representing the start of the wove cycle at the generetor and 
resding the walue on the seale vhich was aligned with the initiel 
pulge of the gage pres¢eure trace starting the cycle on the oecilllozran, 
the lag could te read directly. However, in oreactice the phase lag 
warn not so easily determined. As soon ae any tube length was added 
end as the frequency ves increesei., the aquere pressure wave was 
disterted eough so thet determination of the initisl pulse of tank 
pressure was often imposeivle and reculred veresnal estimation. 
Fig, 12 ie offered to illustrate the hich degree of acatter of 
pointe for the plet of phase lag, D . againet frequency for the 
tube lengthe tested, end 2¢ obtained directly from the oscillograma 
utilizing the timer marks. 

Attentien is called to the fact that a flexible coupling 
consinting of a stiff rmbber hose wes need ta drive the square wive 
generator. Considerable torsional vibration was present since the 
pulse of preseure just as the valve ports opened or closed cansed 
a change in the torque load reenired to rotate the wove senerator 
by the asoplication of a tangentinl comenent of jet thruet. This 
excited a foreed torsional vibration which was apparent on mest of 
tha osclllograms by the feet thit suctecuive wave leneths were not 


niways the same ae well ae the fect thet the top half of the wave 
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wes usually of different leneth than the lower half. As the tests 
progressed the hose coupling apresred to suffer considerable wear 
and lost much of ite etiffness. Thus it was feared that the emount 
of leg due to twist in the coupling had increased considerably over 
that for preylous tests. Consequently, oa universal joint was 
substituted for the teat rune in which the “lectro-?ressuregraph 
was used. This ressoning appears to be verified by Fig. 13 where 
it can be noted that the phase leg for the 60 inch tube length 
(obtained from the Statham eace runs) is considerably greater then 
that obtained from the Nlectro-Pressuregraph tests in which the 
universal joint wes used. The 60 inch tube teete for the Statham 
gage were the leat tast rune performed using the rubber hose 
coup ling. 

In the determination of phase lag, it was assumed that 
phase leg for the zero tube length test runs ses zero at #11 
frequencies tested which was practically true as indicated on the 
oscillograme. ‘Actually at the higher frequencies « leg of five to 
ten desreesg was indicated on the cero tube length oscillogreams and 
was credited to additional twist in the hose caupling. Thus the 
position of the timer dot on the oselllogras for a given tube length 
at a given frequency wae compared to the position of the timer dot 
for the same frequency of the cero tube length oscillorren. 

An att$emt to check the attenuation and phase shift 


obtained through harmonic analysis with that obtained utilising 


the enslogy of a WLC electrical circuit as given in reference (3) 
was made. Agein, however, due to the few test runs analyzed and 
the relatively low frequency for the tube lengths used, the results 
were incenclusive and are therefore not presented in this report. 

Fig. 14 is s reprint from reference (3) of the pressure 
responee and phase lag of a sinusoidal oacillating pressure of small 
agplitude for various tabe lengthe ziven in wave leneths, A , where 
A 2 ef. These curves aro obtained theoretically from the solution 
of A. C, theory equations for a Belo circuit analogous to a pressure 
aeasine syetem of nesligible instrament volume. The effect of 
instrument volume is to shift the pressure reenonse curves to the 
iaft and te decrease the ratio P,/?. below the value of unity. 

No specific analysis of the larger diameter tubes or of 
the plenum chamber eonfigurations was conducted. However, just 
through obeervation of the oecillogranms, the effect of the larger 
dismeter tubes as uged in this investication ves to decrease the 
amplitude ef the oscillation mech like a small surge tank. In 
reulity thia ie what was ectually present in thie confisuration 
since the end fittings remained the aazme ganll diameter used vith 
the 1/4 inch 0.5. copper tubes. 

Similarly, by inapecting the osciliograms for the surge 
tank configurations it wes noted that the type filter gave the 
greatest damping of the pressure vave. It appeared that, as would 


be expected from theory, that little more than the fundamental 
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frequency was passed through the filter and thie was damped greatly 
iteelf. The 77 type filter is similar to a lew frequency pass 
filter which filters ont higher frecuencies and permits low 


frequencies to pane throcgh. 
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GUBVLUG LUSS AMD KECORMMARDATIGNS 


From the results of this investigation of the environ- 
montal effects on pressure sensing systems for cscllletines pressures, 
the following conclusions have been made: 

(1) Any arbitrarily produced pressure wave nay be used 
in the determination of attenuation, phase lar, and distortion 
effects due to the pressure sensing econfirmuration if the wave 
observed resulting from 2 specific configuration is commared to the 
wave odDtained with the preaseure sensing inetrument connected directly 
to the scurce of pressure oscillations when both canes are at exactly 
the sawe frequency and impressed pressure amplitude. It should not 
necessarily be construed that the change in amplitads and pheee 
angle of the fundamental of -sach an arbitrary wave conteining hicher 
hermonies would be identiern)] to the chanze in amplitude and phase 
angle for a pure sinusoidal oscillation under the same conditions. 
Thie is a question which well might werrent further experimental 
investigation. | 

(2) Harmonie analysia offers the best method in the 
determination of attenuation, phase iss, and distortion resulting 
from the tube connecting a pressure sensing instrument to the 
sources of oscillating pressure. All three cf these effects sre 
abvtainable from harmonic anelysis. 

(3) An increase in tube diameter snywhere between the 
ends of the tube connecting the pressure sensing instrument to the 
source of oscillation acts as a small surge tank which decresess 


the amplitude of oscillation. 
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(4) For the frequency renge investigated a 77 typs 
filter arrangenent cf two surgs tants wee the snost effective 
method of damping cut pressure oscillaticns. 

It is recommended thet if further investigations are 
mde utilizing the same square preeeure wave generator, the use of 
an barmonic enalyser might be used to good seévantage onebling the 
uae of more cscillosrams of wavet produced over a wide range cf 
frequencies. The additien ef cone er more longer tube lengths is 
alee hishly recommended. 4 tube leneth of 10 feet would rermit a 
convenient comparison vith the theoretical results obtained using 
the KeleC cireuit theory analogy of reference (3), which contains 
un teble of celenleted preseure response ratios for verious 
frequencies for a 19 foot lens tube. 

she idesl preseure wave for an inveetiggtian of this 
tyoe is naturally a sine wave. Any distortion appeering in the 
preesure wave would be indicated then by the appearance of higher 
harmonic terme which could be determined through hergonic analysis 
of the oscillogreme obtained. The difficulty cf desiening a 
ginusoidel preseure wave generator ite common Enovledge. However, 
Shere are several veys in which a wave ef appreximtely simeciédal 
oscillation ean be generated. For a zenernted pressure wave of 
epproximately sinuseidsl oceciilation, the analirsis would etill be 
areatly slapiified due ts the leseer importence of higher harmonics 


in the initial wave genarated. 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 
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